Evidence of multiple paternity in Podocnemis sextuberculata (Testudines: Podocnemididae) detected by microsatellite markers. We found evidence of multiple paternity in a sample of 12 Podocnemis sextuberculata nests including seven nests (80 hatchlings) collected along the Amazonas River, in the municipality of Barreirinha, AM, As observed in other species of the genus, P. sextuberculata also presented polyandric behavior. By means of allelic frequency and variation in six microsatellite loci for each location, the occurrence of multiple paternity in sampled nests of this species was inferred, even though the maternal genotype was unknown. For one of the nests, a minimum of four males contributed to the clutch, whereas for nearly all remaining nests at least two males contributed. Only one of the twelve nests did not show clear evidence for contributions from more than one male P. sextuberculata.
Introduction
The turtle fauna of South America is rich and varied, comprising around 20% of the world's living species (Pritchard 1975) . The genus Podocnemis comprises six species, including Podocnemis sextuberculata Cornelia, 1849, popularly known as iaçá, pitiú or cambéua. The coloring of the carapace varies from light to dark brown. The adult male is smaller than the female and, in young individuals the plastron has six gray or brown tubercles, which gives the species its name (Ibama 1989) . Its geographic distribution extends throughout the Amazonas River basin in Brazil, Peru and Colombia (Ernst and Barbour 1989, Iverson 1992) . Nests are made on river beaches, once or twice a year, and 8-19 elliptical eggs are laid (Ferri 2002) . P. sextuberculata meat has been intensely consumed and illegally commercialized in the Amazon region, which contributed to the inclusion of this species in the IUCN red list of threatened species as vulnerable.
Studies of mating systems of turtles have substantially advanced in the recent decades (Galbraith 1991 , Galbraith et al. 1993 , Bowen and Karl 1996 , Rieder 1996 , Curtis 1998 , FitzSimmons 1998 , Crim et al. 2002 , Moore and Ball 2002 , Jensen et al. 2006 , Zbinden et al. 2007 , Refsnider 2009 , Theissinger et al. 2009 , Fantin et al. 2010 , Stewart and Dutton 2011 , Lasala et al. 2013 , Todd et al. 2013 . However, the fact that the majority of species are aquatic behavior in nature and accounts for the lack of information for most species (Carpenter and Ferguson 1977) .
Certain aspects of chelonian reproductive investigated using molecular tools, but many others still remain unstudied (Bowen and Karl 1996) . Kinship analysis of turtle nests can reveal fundamental aspects of the reproductive biology within a population, but the majority of efforts are limited by small sample sizes and/or ambiguous markers, and it remains unclear if multiple paternity is the exception or the rule.
Recent work has demonstrated multiple paternity in P. expansa, P. erythrocephala and (Pearse et al. 2006 , Fantin et al. 2008 , Fantin et al. 2010 . P. expansa females show polyandric behavior that varies in rates of multiple paternity among different nesting localities (Valenzuela 2000 , Pearse et al. 2006 . Fantin et al. (2008) found multiple paternity in studies of nests; and Fantin et al. (2010) reported multiple paternity in P. erythrocephala nests. However, observations on the reproductive pattern in P. sextuberculata have not yet been reported.
Molecular data have been broadly used to study chelonian mating systems (DeWoody et al. 2000 , Neff et al. 2000 , Valenzuela 2000 , Myers and Zamudio 2004 , Pearse et al. 2006 . Among the molecular techniques available, microsatellite markers have been the most frequently and successfully applied tool for determining paternity patterns in turtle species.
In this study, we used microsatellite markers to determine the mating system in two P. sextuberculata populations. We tested the hypothesis that the reproductive system in this species is polyandric as observed in other species of this genus. This study provides valuable information for conservation and management programs. It provides a better understanding of the breeding biology of the species and will hopefully stimulate other studies of the biology of P. sextuberculata and related species.
Materials and Methods
A total of 12 nests from two localities were studied for this report. The collection of the hatchlings was made with the support of members of the Pé-de-Pincha project (UFAM), who selected the nests randomly. The nests were transplanted to a location known as "the nursery", protected by the local community. To avoid mixing of hatchlings from different clutches, the nests were separated from each other by small fences. Once hatching started, up to 500µL of blood was obtained through puncture of the femoral vein using a 1 mL syringe. Samples were stored in Eppendorf tubes with 500mL of absolute ethanol. The animals were then released at the sites where they had been collected. The total of nests and hatchlings per nest are listed in Table 1 . The maternal blood sample was not collected, so the maternal genotype was unknown.
DNA extraction was performed using a GFX Kit (GE-Healthcare), according to manufacturer's instructions. Paternity was analyzed by using six different microsatellite loci for each location. For hatchlings from the Amazon River, Barreirinha-AM, four of the pairs of primers developed for by Fantin et al. (2007) , P. expansa by Sites Jr. et al. (1999) and the last one was developed for P. expansa by Valenzuela (2000) . For individuals from the Abufari Biological Reserve, Tapauá-AM, all six pairs of primers were developed by Fantin et al. (2007) . The genotyping polymerase chain reaction (PCR) followed the economic protocol described by identical thermocycling conditions, which were adjusted for a total volume of 11 µL containing 3.7 µL H The PCR products were diluted in the proportion 1:100, and the size marker ROX et al. (2004) , was added to determine sizes of observed alleles. The genotyping was performed in the ABI 3730xl DNA Analyzer, and the analyses of the alleles observed for each locus were made using the program GeneMapper v.4.0 (Applied Biosystems). The observed and expected per-locus heterozygosities were calculated for each locus et al. 2005) . In order to determine the probability of paternity exclusion, the method described by Weir (1996) was used. The probability of paternity exclusion (Q) is the parameter based on exclusion of various males involved in each clutch, which can be statistically distinguished. Through this parameter, the most probable male parent is not discovered, although it is possible to exclude probable male parents in the population studied. Paternity exclusion values closer to 1 provide individual from paternity. The probability of two unrelated individuals presenting the same genotype was calculated by the method of genetic identity (I) described by Paetkau et al. (1995) . Considering all the loci analyzed together, the probability of paternity exclusion (QC) (Weir 1996) and the joint probability of genetic identity (IC) were also analyzed.
Paternity analysis was performed according to the Minimum Method of Allele counts (Myers and Zamudio 2004) , which presupposes a Mendelian distribution of the alleles in the progeny. When both maternal alleles are sampled locus among the hatchlings of each nest is considered indicative of multiple paternity. Since one or more homozygous offspring is observed in a single nest, it is possible to estimate the maternal allele and the remaining ones are counted up as the paternal contribution. In such cases, the presence of three different alleles at a given locus indicates multiple paternity.
Unfortunately, the minimum method of alleles counts does not provide the real number of contributing fathers to the offspring, given that this method does not distinguish multiple pairs with common alleles. Therefore, to estimate the most likely number of contributing males, we used the computer program Kinalyser (Berger-Wolf et al. 2007 ), which performs a multiloci analysis with the purpose of estimating the relationship among full and half-siblings in the same nest, attributing paternity and inferring mating systems (polygamic/monogamic). The inference of families of full-siblings is possible even without knowing the parental genotype, given that this program uses the information from the sharing of alleles in multiple loci among the individuals of each nest.
Results
The number of alleles per locus varied from 1-8, with an average of 7.5 ± 2.8 alleles per locus. Observed heterozygosity varied from 0.2297 (Puni_1D9) to 0.9500 (Puni_2A9) ( Table  2 ). The probability of two unrelated individuals presenting the same genotype (IC) was 1.29 x 10 -6 , and the joint probability of exclusion across all loci (QC) was 99.27% (Table 2) . Taken together, IC and QC provide evidence for high power to detect multiple paternity using these loci for P. sextuberculata.
The number of alleles per locus within each nest ranged from one (Nests 3, 6, and 7) to eight (Nest 10) ( Table 1) .
Based on the minimum method of allele counts, multiple paternity was found in 7 of the 12 nests analyzed (Nests 1, 2, 5, 7, 8, 9, and 10) ( Table 1) . When counting was used with the inference of the maternal allele, all the nests, except Nest 12, showed at least two males contributing to the offspring. A minimum of two male parents contributed to nests 1, 3, 4, 5, 6, 7, and 9; at least three males contributed to Nests 2 (Puni_2E7) and 8 (Puni_B1 and Puni_2E7); and at least four males contributed to the offspring in Nest 10 (Puni_2E7). The use of the program KINALYSER (Berger-Wolf et al. 2007 ) reinforces the extra-pair contribution by means of the inference of more than one family of half siblings for each nest analyzed (Table 1) . Table 2 . Number of alleles, observed heterozygosity (Ho), expected heterozygosity (He), paternity exclusion probability (Q) and identity probability (I) of the 6 microsatellite loci used in the P. sextuberculata paternity test. 
Locus

Discussion
Multiple paternity is a common mating system in natural populations of reptiles including turtles. Many studies of marine turtles (Harry and Briscoe 1988 , Parker et al. 1996 , FitzSimmons 1998 , Bollmer et al. 1999 , Kichler et al. 1999 , Crim et al. 2002 , Hoekert et al. 2002 , Moore and Ball 2002 , Ireland et al. 2003 , Lee and Hays 2004 , Jensen et al. 2006 , Zbinden et al. 2007 have demonstrated the clear presence of multiple paternity. However, there are few studies of mating systems of freshwater species.
The existence of multiple paternity has already been reported in the Amazonian river turtle Podocnemis (P. expansa : Valenzuela 2000; : Fantin et al. 2008; P. erythrocephala: Fantin et al. 2010) . Valenzuela (2000) reported 100% multiple paternity in 2 nests of a P. expansa population from Colombia using eight microsatellite loci. Pearse et al. (2006) studied the same species as Venezuela using seven microsatellite loci and only found 10.3% multiple paternity in 32 nests. The large difference in the rate of multiple paternity between these populations suggests that there might be variation in patterns of paternity among the very small sample size in the earlier study.
Variation in the frequency of multiple paternity has also been demonstrated in studies of the mating system of marine turtle populations including Chelonia mydas (92%: Alfaro-Núñez et al. 2015; 61%: 75%: Pearse et al. 2001; Lee and Hays 2004; 9%: FitzSimmons 1998) and Caretta caretta (31%: Moore and Ball 2002; 33%: Harry and Briscoe 1988) , as well as the freshwater turtle, Chrysemys picta (0%: McTaggart 2000; 13%: Pearse et al. 2001; 33%: Pearse et al. 2002) . Some authors suggest that the rate of multiple paternity found in populations different factors, such a scarcity of resources, which is likely to reduce the population density and thus the number of copulations (Engqvist 2011) . At higher density, there are higher chances of encounters that result in mating (Taylor et al. 2014) . Sex ratio will also be an important factor; populations with male-biased sex ratios are more likely to present multiple paternity (Crim et al. 2002) .
Considering the vulnerable status of P. sextuberculata populations, genetic studies focusing on reproductive behavior of this species greatly contribute to the creation of conservation programs for this species and to its appropriate management. The latter should aim to increase the number of males that will potentially fertilize the eggs (Alfaro-Núñez et al. 2015) , to provide higher rates of multiple paternity and consequently to maintain or increase intrapopulation genetic variability (Sugg and Chesser 1994, Chesser and Baker 1996) .
In our study, we analysed microsatellite data from six loci using the Minimum Method of Allele counts (Myers and Zamudio 2004) and KINALYSER (Berger-Wolf et al. 2007) . We aimed to analyze a standard number of hatchlings per nest (varying from 8 to 12 individuals), in order to minimize or neutralize the potential effect of sample size on the rate of multiple paternity found. To resolve uncertainties such as the presence of multiple pairs with common alleles, we used highly polymorphic microsatellite loci. When compared to previous studies on the genus Podocnemis, we studied a greater number of microsatellite loci (9 loci across the two study sites), which were considered appropriate, and determine the frequency of multiple paternity in P. sextuberculata, according to probability calculations for both IC and QC.
We conclude therefore that multiple paternity is present in P. sextuberculata in the majority of nests of both populations studied. The same pattern of mating behavior was observed in both populations studied, however, environmental data that would allow the comparison between localities such as sand temperature and rainfall frequency were not collected.
This study suggests that strategies for management and conservation of P. sextuberculata populations should consider operational sex multiple paternity. New studies focusing on other species of the genus and on different populations of this species will be very useful for elucidating strategies for the maintenance of healthy reproductive output in river turtles.
